Driving energy was measured in a standard penetration test (SPT) and 12 types of dynamic cone penetration tests (DCPTs) having different configurations for the hammer, driving rod, anvil and cone tip. The driving energy transferred from the free falling hammer to the driving rod was estimated from the measurements of strain and acceleration below the anvil. Basically, the driving energy was estimated for 21 successive blows in order to obtain the mean value, the standard deviation (σ) and the coefficient of variance (COV) in the SPT and DCPTs. The dynamic cone resistance, q dyn , was estimated from the driving energy, the corresponding set per blow, and masses of the hammer and the total rods. Thus, the estimated dynamic cone resistance was compared with the static cone resistance, q t , from a cone penetration test (CPT). The main objective of this report is to provide information on the driving efficiency in the SPT and each DCPT. The mean values for e f in the tests ranged from 52% to 76%. The values of COV for e f ranged from 0.024 to 0.265. Even though the test results are limited, the dynamic cone resistance, q t , estimated from the dynamic measurements were relatively good measures of the cone resistance from the CPT, showing the importance of the dynamic measurement in the SPT and DCPTs.
Introduction
After the 2011 off the Pacific Coast of Tohoku Earthquake, the Research Committee on Prediction of Damages of Housing Sites due to Liquefaction based on Low-cost and High Reliable Site Investigation Methods (hereafter called the research committee) was formed in the Japanese Geotechnical Society in 2012, with the aim of investigating the potential of various site investigation methods, such as CPTs, Swedish sounding (SWS), dynamic cone penetration tests, simple soil sampling and so on, to estimate the potential liquefaction of soils quickly and cost-effectively. In the course of the activities of the research committee, comparative SPT, CPT, DCPT and SWS tests were carried out at a site in Shiga Prefecture, Japan. Dynamic cone penetration tests, DCPTs, may be regarded as complementary to the SPT, since soil sampling does not accompany DCPTs.
In order to correlate the blow count, N d , from the various types of DCPTs with the SPT blow count, N, or the driving resistance, the driving energy actually transmitted to the driving rod is useful information. Measurements of the driving energy in the SPT have been carried out in many researches (e.g., Kovacs, 1979; Schmertmann, 1979; Schmertmann and Alejandro, 1979; Kovacs and Salomone, 1982; Yokel, 1982; Skempton, 1986; Matsumoto et al., 1992; Robertson et al., 1992; Morgano and Liang, 1992; Abou-maatar et al., 1996; Robertson and Wride, 1997; Fujita and Ohno, 2000; Ishihara et al., 2004; Rodrigues et al., 2008; Cavalcante et al., 2008) . In contrast, measurements of the driving energy in dynamic cone penetration tests have been limited, except for Michi et al. (2004) and Žaržojus et al. (2013) . Depth, z (m) Fig. 4 . Soil profile at the location of explore SPT.
Hence, the driving energy was measured for the standard penetration test (SPT) and 12 types of DCPTs having different configurations for the hammer, driving rod, anvil and cone tip. Basically, the driving energy was estimated for 21 successive blows in order to obtain the mean value, the standard deviation (σ) and the coefficient of variance (COV) in the SPT and DCPTs. The dynamic cone resistance was estimated from the driving energy and the corresponding set per blow. Thus, the estimated dynamic cone resistance could be compared with the static cone resistance from the cone penetration test (CPT). The main objective of this report is to provide information on the driving efficiency in the SPT and various DCPT configurations. In addition, possible factors influencing the driving efficiency, such as the hammer mass, the configuration of the driving rod (solid or hollow), the ratio of the diameter of the anvil and the diameter of the hammer, the existence of a cushion or cushions between the anvil and the hammer, are discussed.
Outline of the site
The test site was located in Shiga Prefecture, close to Biwa Lake, the largest lake in Japan (Fig. 1) . The test area, 10 m Â 10 m, was divided into 100 grids, as shown in Fig. 2 . Various site investigations, such as SPT, CPT, DCPT, SWS and soil sampling, were carried out in each grid. Note that the locations for the SPT and DCPTs, with dynamic measurements, are indicated in Fig. 2 , together with the locations of the explore SPT and CPT.
The groundwater table at the test site was 0.74 m below the ground level. The distributions with the depth of the SPT blow count, N, the tip resistance, q t , from the CPT, the natural water content, w n , the liquid limit, w L and the plastic limit, w P , that were obtained from the disturbed soil samples from the SPT are shown in Fig. 3 . The soil profile at the test site, derived from the SPT, is shown in Fig. 4 , based on the Japan Unified Soil Classification System (JGS 0051, 2009 ) that is equivalent to ISO 14688-2 (2004) . It is seen from these figures that the test ground is categorised as a sandy ground and that the ground is relatively uniform to a depth of 10 m.
The tests were carried in only two days in November 2012, by a total of 12 testing companies and institutes. The tests were carried out in parallel. As a set of dynamic measurement system was available, it was difficult to measure the dynamic signals of all the blows in all the tests. Hence, the SPT and DCPTs with dynamic measurements were carried out in the layers of fine sand and silty sand (z¼ 5.25 to 7.25 m). Only one DCPT with dynamic measurements was conducted in the layer of fine sand (z¼ 11.35 to 12.35 m), where relatively high N-values were measured. The results for the SPT and DCPTs with dynamic signal measurements are addressed in this paper. Table 1 lists the specifications of the hammer, the anvil, the rod, the cone tip and the nominal driving energy in the SPT and DCPTs. Three types of SRS (Swedish Ram Sounding), called SRS-O, SRS-Y1a and SRS-Y1b, are included in the DCPTs. The configuration of the split spoon sample used in the SPT is shown in Fig. 5 .
Specifications of SPT and DCPTs
The nominal driving energy per unit area of cone, E, is defined as E ¼ mgh/A c , where A c is the area of the cone. This value is different in the SPT and DCPTs. The penetration length, L d , for counting the blow numbers, N d , are also different in the SPT and DCTPs. In order to equivalently compare N d from the different tests, a correction factor, C f , for blow counts, with reference to SRS, is indicated in Table 1 , considering the different values for E and L d in the SPT and DCPTs:
where suffix SRS means that the value is related to SRS. Table 2 Specification of driving rods, cushion and hammer of SPT and DCPTs, together with summary of driving energy measurements (partly duplicated with Table 1 ). 
The driving energy, E drv , was measured for the SPT and 12 different types of DCPTs. The specifications of the driving rods, the cushion and the hammer in the SPT and different DCPTs are listed in Table 2 . Note that Test 9 is SPT and the other tests are DCPTs.
Two types of driving rods, solid and hollow cylinders, were used in the DCPTs. The values of density, ρ r , Young's modulus, E r , and the wave velocity, c r , of each rod are similar, whereas the cross-sectional area, A r , ranges widely from 200 mm 2 to 800 mm 2 due to the different configurations of the rod section.
A cushion is placed on the anvil in several tests (Tests 1-3, 6-8 and 10). In Tests 6a-c (SRS-O), the tests using no, one or two rubber membranes, each with a thickness of 2 mm, for the cushion were carried out.
The hammer mass, m, ranges widely from 3 kg to 63.5 kg. In Test 13 (SH), two types of steel hollow hammers, with masses of 3 kg (Test 13a) and 5 kg (Test 13b), are used according to penetration resistance, i.e., the lighter and heavier hammers are used for the lower and higher penetration resistances, respectively. Tests 13a and 13b were undertaken to investigate the influence of the hammer mass on the driving efficiency in the same DCPT device.
The difference between SPT and DCPTs is the influence of the rod friction. The rod friction may be ignored in the SPT as the SPT is conducted at the bottom of a pre-bored hole, while rod friction exists in the DCPTs. In SRS and MRS, the rods are rotated 1 1/2 turns or until the maximum torque is reached at least every 1.0 m of penetration in order to measure the torque required to turn the rods and to reduce the rod friction in practice. In other DCPTs, no attempt is made to reduce the rod friction.
Method for measuring driving energy
The method to calculate the driving energy in the SPT and DCPTs employed in this study is similar to that employed in the previous researches.
In order to measure dynamic signals during driving, two strain gauges, with a gauge length of 2 mm, and two piezoelectric accelerometers, with a nominal capacity of 10,000 m/s 2 , were mounted on the rod shaft at symmetric positions 150 to 200 mm below the base of the anvil, as shown in Fig. 6 . The instrumented driving rods for the SPT and DCPTs are shown in Photo 1. The output signals from the sensors were recorded with a sampling frequency of 1000 kHz (1 μs sampling time).
The driving energy, E drv , was estimated using Eq. (2) (ISO 22476-2, 2005) .
where F(t) and v(t) are the force and the velocity of the rod at the measurement level. F(t) was calculated by Eq. (3).
FðtÞ ¼ E r A r εðtÞ ð 3Þ
where E r and A r are Young's modulus and the cross-sectional area of the rod, respectively, and ε(t) is the average of two strains measured at symmetric positions to eliminate the influence of the inevitable flexure of the driving rod during driving. Fig. 7 shows an example of the measured dynamic signals in the SPT. The axial force rapidly increases at the instant of the impingement of the hammer (Fig. 7(a) ). The force increases again at time t¼ 3.8 m/s due to the second impingement of the hammer. As is seen from Fig. 6(b) , the time evolution of the measured acceleration, α, corresponds to the above-mentioned impingements of the hammer on the anvil. However, trouble (an error) with the measurements of the accelerations was found during the data processing after the completion of the tests. The accelerometers have a nominal maximum capacity of 10,000 m/s 2 . As shown in Fig. 7(b) , the measured acceleration attained the maximum capacity at the first impingement of the hammer. The same trouble occurred in all the tests. Hence, to estimate the velocity, v, a special scheme was used in this study, as described in the following.
According to the one-dimensional stress-wave theory, the velocity, v, is related to the force, F, by Eq. (4) if the only downward-travelling stress-wave exists at the measuring level of the driving rod.
Hence, the velocity was estimated using Eq. (4) until a time, t r , when the reflection of the incident stress-wave returned to the measuring level from the bottom level of the sampler in the case of the SPT or the cone level in the cases of the DCPTs. The time instant, t r , can be easily determined by
where L d is the distance between the measuring level and the cone level.
As the downward-and upward-travelling stress-waves overlap at the measuring level after the time instant of t r , Eq. (4) cannot be applied. Hence, the time-integration of the measured acceleration was employed after t r .
The velocity and displacement estimated using the abovementioned scheme are shown in Fig. 7(c) and (d) , respectively. The estimated final displacement was 18 mm, which was comparable to the measured settlement per blow of 19 mm. It is seen from Fig. 7(e) that the driving energy, E drv , transferred to the driving rod from the hammer increases rapidly just after the first impingement of the hammer; thereafter, it gradually increases with time and finally reaches a constant value. The constant value for E drv is defined as E meas in this study.
The driving efficiency, e f , is defined as
The dynamic cone resistance, q dyn , was estimated using Eq. (7) where the total mass, m 0 , of the extension rods and the guiding rods is considered according to ISO 22476-2). where A c is the cross-sectional area of the cone for each DCPT and the cross-sectional area of the sampler in the SPT assuming the fully plugging mode of the soil inside the sampler. It should be noted that the rod friction was assumed to be 0 in Eq. (7). In other words, the influence of the rod friction, if it exists, is included in the estimated q dyn . It was difficult to separate the driving resistance into the cone tip resistance and the rod friction in the tests in this study.
The above-mentioned analysis scheme was used throughout the analyses of the SPT and DCPTs with the dynamic measurements.
Test results
The results of Test 3 (SRS-Y1a) are shown in Fig. 8(a) depth vs. e f ; (b) frequency of e f ; (c) depth vs. S and (d) depth vs. q dyn together with cone tip resistance q t from the CPT. Test 3 was conducted at depths from 6.3 m to 6.7 m where fine sand existed (see Fig. 4 ). The driving efficiency, e f , ranges from 59.8% to 72.8% with the mean values of 67.5% and COV of 0.06 having a form of a normal distribution (Fig. 8(b) ). The estimated dynamic cone resistance, q dyn , is of a similar order to the cone tip resistance, q t , from the CPT. The cone tip area of the CPT was 1000 mm 2 (diameter¼ 35.7 mm).
The results of Test 4 (Penny) and Test 9 (SPT) are shown in Figs. 9 and 10, respectively. Test 4 had the lowest mean value and the highest value for COV of e f among the tests in this study. The value of e f ranges from 27.8% to 77.6% with a mean value of 51.6% and COV=0.25. Nevertheless, the estimated dynamic cone resistance, q dyn , is of a similar order and trend to the cone tip resistance, q t , from the CPT. This result strongly indicates the advantage of DCPTs with dynamic measurements. As mentioned earlier, q dyn , was estimated from E meas and the measured value of S (see Eqs. (6) and (7)), not from the nominal driving energy, mgh.
The SPT is the most widely used device for sounding in Japan. A semi-automatic hammer falling device is used in Japan at present. In this particular study, however, a pulley and a rope falling method with a cathead was used for the purpose of the dynamic measurements. The mean value of e f was 63% with COV=0.09 ( Fig. 10(a) ).
It may be interesting to compare the SPT results in this study with published data. A brief comparison of the SPT results with several recent published data is made in Table 3 . A detailed comparison is difficult, since the method of the falling of the hammer, the rod length below the anvil, and the test and ground conditions vary in the published data. It can be seen from Table 3 that the driving efficiency, e f , of all the cases widely ranges from 38% to 93%, although the range in e f for each case is narrower. Comparing the results in this study with three other cases in Japan, the e f in this study is smaller than that in other cases. A possible reason is difference in hammer falling methods used in these cases. A rope and a pulley with a cathead were used in this study, while a rope and a pulley without a cathead were used in the other Japanese cases. It is thought that the friction between the rope and the cathead reduced the falling speed of the hammer in this study, resulting in lower values for e f . A relatively large variety in the measured driving efficiencies among SPTs in Table 3 indicates the importance of measuring the actual driving energy transferred to the driving rod in order to interpret the measured N-values on the common basis.
The closed area of the Raymond sampler was used for estimating q dyn . The estimated q dyn values were in relatively good agreement with the cone tip resistance, q t , in quantity and trend.
The results of the dynamic analyses for all the DCPTs are summarised in Table 2 in terms of the mean value and COV of the driving efficiency, e f . The findings on the influential factors on e f from the particular results are as follows:
Hammer mass
The mean estimated values, e f , were generally around or greater than about 60% for all the tests, except for Test 4 (Penny with m ¼ 30 kg) and Test 13a (SH with m ¼ 3 kg).
In Test 13, two different hammer masses, 3 kg and 5 kg, were used in Test 13a and Test 13b, respectively. Both hammers had the same cross-section, but the heavier hammer had a larger length. The results of Test 13a and Test 13b are shown in Fig. 11 . The coefficient of variance, COV, of e f in both tests was relatively small (see Table 2 ). The mean e f was greater in Test 13b where the heavier hammer mass was used. This result suggests that losses in energy, due to the imperfect impingement of the hammer and the anvil, are similar in both tests, resulting in the higher e f for the heavier hammer (larger potential energy).
Rod type (solid rod or hollow rod)
In Test 3 (SRS-Y1a) and Test 8 (SRS-Y2b), the same test device is used, except that a solid rod is used in Test 3 while a hollow rod is used in Test 8. It should be noticed also that the length of the driving rod in Test 3 was 7 m while that was 13 m in Test 8. The frequency distributions of e f of 21 blows in Test 3 and Test 8 are shown in Fig. 12 . The mean e f values were 67.5% (with COV ¼ 0.059) and 62.1% (with COV ¼ 0.186), respectively. In Test 8, however, two extremely small values for e f were obtained. In order to compare the results in Test 3 and Test 8, the mean e f and COV were calculated excluding the two values, and the mean e f ¼ 64.5% (with COV ¼ 0.125) was obtained. Based on these results, the rod type has little influence on e f . The rod length may also have an influence on e f . Hence, a definite conclusion cannot be made from the measured data available in this study.
Existence of cushion
As mentioned earlier, in Test 6 (SRS-O), 2 rubber cushions having a thickness of 2 mm are used. In order to investigate the influence of the existence of a cushion/s on the driving efficiency, tests without a cushion and with one or two cushions were carried out in Tests 6a-c.
The results of Test 6 are shown in Fig. 13 (a) depth vs. e f ; (b) depth vs. S, (c) depth vs. q dyn . Sixteen blows were conducted for the tests with 2 cushions or no cushions, while five blows were conducted for the test with 1 cushion. The mean values for e f were 60.7%, 72.7% and 78.7% for tests with 2, 1 and no cushions, respectively, indicating that e f is significantly reduced when 2 cushions are used. However, in the tests with 2 cushions, the e f values in the last 4 blows are obviously larger than those in the blows in shallower depths and are similar to the e f values obtained in the tests with 1 or no cushion. It is seen from Fig. 13(b) that the settlements per blow, S, in the last 12 blows in the tests with 2 cushions are relatively uniform compared with the variation in e f shown in Fig. 13(a) . It may be noticed that the location of Test 6 was closest to the location of the CPT. It is seen from Fig. 13(c) that the profile for q dyn is comparable to that for q t from CPT regardless of the number of cushions. This result again suggests the advantage of DCPTs with dynamic measurements by which the driving energy actually transferred to the driving rod is obtained.
Ratio of anvil diameter to hammer diameter, D a /D h
The diameters of anvil, D a , for Test 5 (PDC-μRS) and Test 13 (SH) are 35 mm and 40 mm, respectively. The D a of the other tests is equal to or greater than 50 mm. The ratio of the anvil diameter to the hammer diameter, D a /D h, ranges from 0.26 to 1.0. In ISO 22476-2 (2005) , it is prescribed that D a shall be equal to or greater than 50 mm, and that D a shall be equal to or less than 0.5D h . Based on the test results shown in Table 2 , it may be said that D a /D h has little influence on e f .
Concluding remarks
In this technical report, the driving energy actually transferred from the free falling hammer to the driving rod was measured in SPT and 12 various types of dynamic cone penetration tests (DCPTs). The mean values for the driving efficiency, e f , in the tests ranged from 52% to 76%. The coefficients of variance, COV, of the e f ranged from 0.024 to 0.265. The driving efficiency may be influenced by the hammer mass, the fall height of the hammer, the rod length, the penetration resistance and so on. Detailed discussions on these influences were difficult in this particular report because of the limited data and test conditions. Even though the test results are limited, the dynamic cone resistance, q t , estimated from the measured driving energy and set per blow (see Eqs. (6) and (7)) were relatively good measures of the cone resistance from the CPT. This indicates the importance of the dynamic measurement in SPT and DCPTs. 2014, for carrying out the dynamic cone penetration tests and SPT and for giving permission to use the measured data for this paper.
